Background: Prostaglandin-endoperoxide synthase 2 (PTGS2, the HUGO Gene Nomenclature Committeeapproved official symbol for cycloxygenase-2, COX-2) and its enzymatic product prostaglandin E2 have critical roles in inflammation and carcinogenesis through the G protein-coupled receptor PTGER2 (EP2). The PTGS2 (COX-2) pathway is a promising target for cancer therapy and chemoprevention. PTGS2 (COX-2) expression in colon cancer has been inversely associated with survival as well as tumoral microsatellite instability (MSI) and the CpG island methylator phenotype (CIMP). However, the prognostic significance of PTGER2 expression or its relationship with MSI, CIMP, LINE-1 hypomethylation, or PTGS2 (COX-2) remains uncertain.
Introduction
Prostaglandin-endoperoxide synthase 2 (PTGS2, the HUGO Gene Nomenclature Committee-approved official symbol for cycloxygenase-2, or COX-2) and its enzymatic product prostaglandin E2 (PGE2) play important roles in cancer cell proliferation, invasion, stem cell regeneration, and tumor angiogenesis (1) (2) (3) (4) (5) (6) (7) . Epidemiologic evidence suggests that regular aspirin use decreases colorectal cancer incidence and mortality through the inhibition of PTGS2 (COX-2; refs. 8, 9) . In fact, the PTGS2 (COX-2) pathway has been an attractive target for chemoprevention and multiple trials targeting this pathway have been ongoing (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . PGE2 produces cellular signaling through binding to prostaglandin E receptors (PTGER), designated as PTGER1 (EP1), PTGER2 (EP2), PTGER3 (EP3), and PTGER4 (EP4; refs. [20] [21] [22] [23] . Among them, PTGER2 has been shown to play critical roles in PTGS2 (COX-2)-induced colon cancer development in an experimental system (24) . Thus, a better understanding of the role of PTGER2 in colorectal cancer is crucial for the purpose of cancer therapy and chemoprevention targeting the PTGS2 (COX-2) pathway. However, there has been no comprehensive large-scale study on PTGER2 expression in human cancers.
Microsatellite instability (MSI) refers to altered lengths ("instability") of short nucleotide repeat sequences ("microsatellite") in tumor DNA compared with normal DNA. A high degree of MSI (MSI-high) is present as a distinct phenotype in ∼15% of colorectal cancers, and MSI-high tumors are believed to arise through a distinct precursor pathway (25) . Most MSI-high cancers are caused by epigenetic silencing of a DNA mismatch repair gene MLH1, in a setting of widespread promoter CpG island methylation called the CpG island methylator phenotype (CIMP; refs. [26] [27] [28] . A minority of MSI-high cancers is due to other causes of sporadic mismatch repair deficiency or a germline mutation in a mismatch repair gene (29) (30) (31) . MSI and CIMP status reflect global genomic and epigenomic aberrations in tumor cells and determine clinical, pathologic, and molecular characteristics of colorectal cancer (31) . Thus, a molecular classification based on MSI and CIMP status is increasingly important (30, 31) . Although PTGS2 (COX-2) expression in colorectal cancer has been inversely associated with MSI (32) (33) (34) and CIMP (34) , the relationship between PTGER2, MSI, and CIMP remains unknown.
We therefore conducted this study with three main aims. First, we examined the importance of PTGER2 in human colorectal cancer by determining the overall prevalence of PTGER2 expression in a large number of tumors (n = 516). Second, because we concurrently assessed other important markers of colorectal cancer, including MSI, CIMP, PTGS2 (COX-2), and β-catenin, as well as mutations in KRAS, BRAF, and PIK3CA, we evaluated the relations of PTGER2 expression with those molecular features. Third, given the potentially important role of PTGER2 in tumor progression, we specifically assessed the relationship between PTGER2 expression and patient prognosis. It is important to publish well-designed studies on patient outcome with adequate statistical power and even with null findings to avoid potential publication bias.
Materials and Methods

Study Group
We used the databases of two independent, prospective cohort studies: the Nurses' Health Study (n = 121,701 women followed since 1976; ref. 8 ) and the Health Professionals Follow-up Study (n = 51,529 men followed since 1986; ref. 8). Every 2 y, participants have been sent followup questionnaires to update information on potential risk factors and to identify newly diagnosed cancers in themselves and their first-degree relatives. During prospective follow-up of the cohort participants up to 2002, there were 1,691 incident colorectal cancer patients with available medical records, who would have adequate followup up to 2008. Study physicians reviewed all records related to colorectal cancer, and recorded tumor-nodemetastasis stage and tumor location. We collected paraffin-embedded tissue blocks from hospitals where patients underwent tumor resections (8) . We excluded cases preoperatively treated with radiation and/or chemotherapy.
Based on the availability of adequate tissue specimens for tissue microarray construction and results, a total of 516 colorectal cancers were included (Table 1) . Among our cohort studies, there was no significant difference in demographic features between cases with tissue available and those without available tissue (8) (35) (36) (37) (38) (39) , which is analogous to novel studies using the well-described cell lines or animal models. We have not examined PTGER2 expression in any of our previous studies. Written informed consent was obtained from all study subjects. Tissue collection and analyses were approved by the Harvard School of Public Health and Brigham and Women's Hospital Institutional Review Boards.
Sequencing of KRAS, BRAF, and PIK3CA and MSI Analysis Genomic DNA was extracted from tumor, and PCR and Pyrosequencing targeted for KRAS (codons 12 and 13; ref. 40) , BRAF (codon 600; ref. 41) , and PIK3CA (exons 9 and 20; ref. 42 ) was done as previously described. The status of MSI was determined by analyzing variability in the length of the microsatellite markers from tumor DNA compared with normal DNA. In addition to the recommended MSI panel consisting of D2S123, D5S346, D17S250, BAT25, and BAT26 (43), we used BAT40, D18S55, D18S56, D18S67, and D18S487 (that is, 10-marker panel; ref. 44 ). MSI-high was defined as the presence of instability in ≥30% of the markers; MSI-low was defined as instability in 1% to 29% of the markers; and "microsatellite-stable" (MSS) tumors was defined as tumors without an unstable marker.
Real-time PCR for CpG Island Methylation and Pyrosequencing to Measure LINE-1 Methylation
Sodium bisulfite treatment on genomic DNA and subsequent real-time PCR (MethyLight) were validated and done as previously described (45) . We quantified DNA methylation in eight CIMP-specific promoters [CAC-NA1G, CDKN2A (p16), CRABP1, IGF2, MLH1, NEU-ROG1, RUNX3, and SOCS1; refs. 28, 35, 46, 47] . CIMP-high was defined as the presence of six or more of eight methylated promoters; CIMP-low was defined as the presence of one of eight to five of eight methylated promoters; and CIMP-0 was defined as the absence (none of eight) of methylated promoters, according to the previously established criteria (35) . To accurately quantify relatively high methylation levels in LINE-1 repetitive elements, we used Pyrosequencing as previously described (48, 49) .
Immunohistochemistry for PTGER2, p53, PTGS2 (COX-2), and β-Catenin Tissue microarrays were constructed as previously described (34) . Two 0.6-mm tissue cores each from tumor and normal colonic mucosa were placed in each tissue microarray block. Appropriate positive and negative controls were included in each run of immunohistochemistry. Methods of immunohistochemical procedure and interpretation were previously described for p53 (50) , PTGS2 (COX-2; refs. 44, 51), and β-catenin (52). For PTGER2 staining (Fig. 1) , antigen retrieval was done, and deparaffinized tissue sections in Antigen Retrieval Citra Solution (Biogenex Laboratories) were treated with microwave (15 min). Tissue sections were incubated with 10% normal goat serum (Vector Laboratories) in PBS (30 min). Primary antibody against PTGER2 (rabbit polyclonal anti-EP 2 receptor, 1:500 dilution; Cayman Chemical) was applied, and the slides were maintained at 4°C for overnight, followed by rabbit secondary antibody (Vector Laboratories; 30 min), an avidin-biotin complex conjugate (Vector Laboratories; 30 min), diaminobenzidine (5 min), and methyl-green counterstain. Most normal epithelial cells showed weak cytoplasmic PTGER2 expression. In each case, we recorded the fraction of tumor cells with cytoplasmic PTGER2 overexpression compared with normal colonic epithelial cells. Considering the inverse relation between PTGS2 (COX-2) expression and MSI (32-34), we used MSI to determine a cutoff for PTGER2 positivity. There was no alternative biologically based method to determine the cutoff of PTGER2 expression in a large number of paraffin-embedded tumors. In our initial exploratory analysis, we randomly select 258 tumors from 516 tumors as a training set. Using the training set with available MSI data, the frequency of MSI-high in each category was as follows: 12% (12 of 104) in 0% to 24% of tumor cells expressing PTGER2, 7.4% (4 of 54) in 25% to 49% of tumor cells expressing PTGER2, 22% (19 of 85) in ≥50% of tumor cells expressing PTGER2. Thus, PTGER2 positivity was defined as cytoplasmic overexpression in ≥50% tumor cells. In the remaining validation set with available MSI data, PTGER2 overexpression was significantly associated with MSI-high [odds ratio (OR) 3.42; 95% confidence interval (CI), 1.84-6.33; in the training set, OR, 2.55; 95% CI, 1.24-5.28], confirming the validity of our cutoff for PTGER2 positivity, although it might not be the best cutoff. Each immunohistochemical marker was interpreted by one of the investigators (PTGER2 by Y.B., p53 and PTGS2 by S.O., and β-catenin by K.N.) unaware of other data. For agreement studies, a random selection of >100 cases was examined for each marker by a second pathologist (PTGER2 by K.S., p53 by K.N. and PTGS2 by R. Dehari, Kanagawa Cancer Center, and β-catenin by S.O.) unaware of other data. The concordance between the two observers (all P < 0.0001) was 0.84 (κ = 0.69; n = 128) for PTGER2, 0.87 (κ = 0.75; n = 118) for p53, 0.92 (κ = 0.62; n = 108) for PTGS2 (COX-2), and 0.83 (κ = 0.65; n = 402) for β-catenin, indicating substantial agreement.
Statistical Analysis
All statistical analyses used the SAS program (version 9.1, SAS Institute. All P values were two sided, and statistical significance was set at P = 0.05. Nonetheless, when we performed multiple hypothesis testing, a P value for significance was adjusted by Bonferroni correction to P = 0.0029 (= 0.05/17). For categorical data, the χ 2 test was done and OR with 95% CI was computed. To assess independent relations of PTGER2 overexpression with other variables, we constructed a multivariate logistic regression model, initially including sex, age at diagnosis variables [tumor location (1.7%), tumor grade (5.2%), CIMP (2.3%), MSI (1.2%), BRAF (1.6%), KRAS (0.8%), p53 (1.9%), and PTGS2 (0.9%)], we included those cases in a majority category of the missing variable to avoid overfitting. After the selection was done, we assigned separate missing indicator variables to those cases with missing information in any of the categorical covariates in the final model. We confirmed that excluding cases with missing information in any of the covariates did not substantially alter results (data not shown).
For survival analysis, Kaplan-Meier method and logrank test were used to assess survival time distribution according to PTGER2 status. For the analyses of colorectal cancer-specific mortality, death as a result of colorectal cancer was the primary end point and deaths as a result of other causes were censored. To assess independent effect of PTGER2 on mortality, we constructed a multivariate, stage-matched (stratified) Cox proportional hazard model to compute a hazard ratio (HR) according to PTGER2 status, initially adjusted for sex, age, BMI, family history of colorectal cancer, year of diagnosis, tumor location, tumor grade, mucinous component, signet ring cell component, CIMP, MSI, BRAF, KRAS, PIK3CA, LINE-1 methylation, p53, PTGS2 (COX-2), and β-catenin. A backward stepwise elimination with a threshold of P = 0.20 was used to select variables in the final model. Tumor stage (I, IIA, IIB, IIIA, IIIB, IIIC, IV, unknown) was used as a stratifying (matching) variable in Cox models using the "strata" option in the SAS "proc phreg" command to avoid residual confounding and overfitting. The proportionality of hazard assumption was satisfied by evaluating time-dependent variables, which were the cross-product of the PTGER2 variable and survival time (P = 0.91 for colon cancer-specific mortality; P = 0.42 for overall mortality). An interaction was assessed by including the cross-product of PTGER2 variable and another variable of interest (without data-missing cases) in a multivariate Cox model, and the Wald test was done.
Results
PTGER2 Overexpression in Colorectal Cancer
Among 516 colorectal cancers, we observed PTGER2 overexpression in 169 tumors (33%) by immunohistochemistry. Table 1 shows the relationships of PTGER2 status with various clinical, pathologic, or molecular features. PTGER2 overexpression seemed to be associated with male gender (OR, 1.60; 95% CI, 1.09-2.34; P = 0.015), mucinous component (OR, 1.90; 95% CI, 1.27-2.83; P = 0.0016), signet ring cells (OR, 2.89; 95% CI, 1.42-5.88; P = 0.0024), MSI-high (compared with MSIlow/MSS; OR, 2.94; 95% CI, 1.84-4.69; P < 0.0001), CIMP-high (compared with CIMP-low/0; OR, 2.35; 95% CI, 1.44-3.84; P = 0.0005), and BRAF mutation (OR, 1.70; 95% CI, 1.01-2.84; P = 0.044); nonetheless, multiple testing should be considered and P = 0.0029 was required for statistical significance after the Bonferroni correction. PTGER2 overexpression was not significantly associated with other tumoral variables including PTGS2 (COX-2), p53 or β-catenin expression, KRAS or PIK3CA mutation, or LINE-1 methylation. Notably, PTGER2 overexpression was not significantly related with tumor location (P = 0.66).
Thus, PTGER2 expression was significantly associated with both MSI-high and CIMP-high (P < 0.0029). Considering the pathogenic link between CIMP and MSI, we stratified tumors according to MSI and CIMP status, and examined a distribution of MSI/CIMP subtypes among PTGER2-positive tumors and PTGER2-negative tumors (Fig. 1C) . The proportion of tumors with MSIhigh was significantly larger among PTGER2-positive tumors than among PTGER2-negative tumors regardless of CIMP status (P < 0.0001), suggesting the role of PTGER2 in the MSI-high pathway to colorectal cancer (Fig. 1D) .
PTGER2 Overexpression Is Independently Associated with MSI-High
We performed multivariate logistic regression analysis to examine whether PTGER2 overexpression was independently associated with MSI or any of clinical, pathologic, and other molecular variables (Table 2 ). PTGER2 overexpression was significantly associated with MSIhigh (multivariate OR, 2.82; 95% CI, 1.69-4.72; P < 0.0001). In addition, PTGER2 overexpression seems to be related with signet ring cells (multivariate OR, 2.82; 95% CI, 1.27-6.27; P = 0.011) and age at diagnosis (for a 10-year increase; multivariate OR, 1.36; 95% CI, 1.07-1.72; P = 0.012); however, considering multiple hypothesis 
PTGER2 Overexpression and Patient Survival
We assessed the influence of PTGER2 overexpression on patient mortality. During follow-up of 491 patients who were eligible for survival analysis, there were 235 deaths, including 139 deaths attributed to colorectal cancer. Mean and median follow-up for censored cases were 12.7 and 11.9 years, respectively. Using our cohort database with adequate patient follow-up, we previously showed that molecular features in colon cancer such as PTGS2 (COX-2) expression, BRAF mutation, FASN expression, PIK3CA mutation, and LINE-1 hypomethylation were significantly associated with patient prognosis (36) (37) (38) (39) 51) . In the Kaplan-Meier analysis, PTGER2 overexpression was not significantly associated with colorectal cancer-specific (log-rank P = 0.55) or overall survival (log-rank P = 0.26; Fig. 2 ). We performed univariate and multivariate Cox regression analysis to assess patient mortality according to PTGER2 status (Table 3) . For colorectal cancer-specific or overall mortality, PTGER2 overexpression was not significantly related with patient outcome in univariate, stage-matched, or multivariate analysis.
Finally, we examined whether the influence of PTGER2 overexpression on overall survival was modified by any of the other variables including sex, age, BMI, family history of colorectal cancer, tumor location, mucinous component, signet ring cells, stage, tumor grade, CIMP, MSI, BRAF, KRAS, PIK3CA, LINE-1 methylation, p53, PTGS2 (COX-2), and β-catenin. We did not observe a significant effect modification by any of the covariates in survival analysis (all P interaction > 0.08). Notably, either in women (the Nurses' Health Study) or men (the Health Professionals Follow-up Study), PTGER2 expression was not significantly associated with patient survival (P = 0.67 and P = 0.26, respectively).
Discussion
In this study, we examined PTGER2 (EP2) expression in colorectal cancer, in relation to expression of PTGS2 (the HUGO Gene Nomenclature Committee-approved official symbol for COX-2), MSI, the CIMP, and clinical outcome. PTGER2 is a G protein-coupled receptor that mediates the action of PGE2, a major product of PTGS2 (COX-2), which contributes to colon cancer development. As the inverse association of PTGS2 (COX-2) with MSI and CIMP has been reported in colorectal cancer (32) (33) (34) , a better understanding of interrelationship between PTGER2, PTGS2 (COX-2), MSI, and CIMP may shed light on the biological mechanisms of PTGS2 (COX-2)-induced tumorigenesis. We found that PTGER2 overexpression was significantly associated with MSI-high, independent of CIMP status and other variables. Our data further support PTGER2 expression as one of unique characteristics of MSI-high colorectal cancer.
Our resource of a large number of colorectal cancers derived from the two prospective cohort studies has enabled us to precisely estimate the frequency of colorectal cancers with a specific molecular feature (such as PTGER2 overexpression, MSI-high, CIMP-high, etc.) at the population level. The large number of cases has also provided a sufficient power in our multivariate logistic regression analysis and survival analysis.
Studying molecular changes is important in colorectal cancer research (53) (54) (55) (56) (57) (58) (59) (60) (61) . A molecular classification based on MSI and CIMP status is increasingly important because MSI and CIMP reflect global genomic and epigenomic aberrations, respectively, in tumor cells (30, 31) . Some studies including our previous study indicated the "inverse" association of PTGS2 (COX-2) expression with MSI-high and CIMP-high in colorectal cancer Figure 2 . Kaplan-Meier curves for colorectal cancer-specific survival (top) and overall survival (bottom) according to PTGER2 status in colorectal cancer. Bottom table, shows the number of patients who were alive and at risk of death at each time point after the diagnosis of colorectal cancer. (32) (33) (34) . Interestingly, our current study has shown that PTGER2 overexpression is positively associated with MSI-high, independent of CIMP status. MSI status reflects genomic aberrations in tumor cells and determines molecular characteristics and phenotypes of colorectal cancer. Our findings suggest that PTGER2 overexpression may play a role in the pathway to MSI-high cancer, whereas PTGS2 (COX-2) overexpression may be important in the pathway to MSI-low/ MSS cancer (Fig. 1D) . Additional studies are necessary to confirm our findings as well as to elucidate the exact relationship between the PTGS2 (COX-2)/PTGER2 pathway and MSI status in colorectal tumorigenesis.
The prognostic role of PTGER2 overexpression in human cancer is inconclusive. A study on esophageal squamous cell carcinoma (n = 226) has reported that PTGER2 overexpression is related with poor prognosis in univariate analysis, but not in multivariate analysis (62) . Another study on lung cancer has indicated the prognostic value of PTGER2 overexpression among individuals with squamous cell carcinoma (n = 39), but not among those with adenocarcinoma (n = 43; ref. 63) . In a previous study on colorectal cancer (n = 72; ref. 64 ), PTGER2 overexpression was independently associated with poor prognosis. However, most of these studies were limited by low statistical power. Small studies (n < 100) with null results have much higher likelihood of being unpublished than small studies with "significant" results, leading to publication bias. In our current study (n = 516), PTGER2 overexpression was not significantly associated with clinical outcome, whereas it was highly significantly associated with MSI-high (P < 0.0001). An experimental study using colon cancer cells has shown that PTGER2 expression leads to increased tumor growth, supporting PTGER2 as an oncogene (24) . Nonetheless, colorectal cancers with activation of a given oncogene or inactivation of a given tumor suppressor are not always associated with poor clinical outcome. For example, MSI-high cancers are associated with inactivation of many tumor suppressors and with good prognosis (65) . Our findings suggest that PTGER2 overexpression may not mark an aggressive type of colorectal cancer.
The PTGS2 (COX-2)/PGE2 pathway is increasingly important as a target for colorectal cancer treatment and chemoprevention (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Within our two prospective cohort studies, regular aspirin use reduced the risk of developing colorectal cancer, in particular, tumor with PTGS2 (COX-2) overexpression (8) . In addition, regular aspirin use after the diagnosis of colorectal cancer was associated with lower risk of colorectal cancer-specific and overall mortality, especially among patients with tumors with PTGS2 (COX-2) overexpression (9) . Thus, in the near future, PTGS2 (COX-2) expression may well serve as a selective marker for aspirin treatment in the management of colorectal cancer (16) . Aspirin has been reported to suppress MSI in mismatch repair-deficient and hereditary nonpolyposis colorectal cancer cells (66, 67) . Considering the intriguing relation between PTGS2 (COX-2), PTGER2, and MSI status shown in our current study, the effect of aspirin on colorectal cancer may be influenced not only by PTGS2 (COX-2) expression status but also by PTGER2 expression status. In this respect, our findings may be of clinical interest. We currently plan further analysis on PTGER2 expression, aspirin use and patient survival to test this latter hypothesis.
In conclusion, PTGER2 overexpression in colorectal cancer is associated with MSI, independent of CIMP status, PTGS2 (COX-2), and other variables. An exact mechanism of the possible pathogenic link between the PTGS2 (COX-2)/PTGER2 pathway and MSI needs to be investigated. A better understanding of the role of PTGER2 in colorectal cancer is important for the purpose of cancer therapy and chemoprevention targeting the PTGS2 (COX-2) pathway.
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